Extreme weather events represent a large risk to food production systems. In this study, we evaluated the impacts of the 2011-2012 drought in Mexico, the worst in the last 70 years, on free-ranged livestock populations to link extreme weather events and production. We also considered the potential prevalence of recurring droughts under two contrasting future climate scenarios to examine what could happen over this century. Our results showed that cattle and goat stocks decreased about 3% in response to the drought countrywide. Regionally, the changes in cattle and goat populations generally mimicked the precipitation anomaly, with the strongest reductions across the driest areas in central and northern Mexico. Our work showed that the biophysical and management components of livestock production interact depending on the regions and the type of livestock, leading to a mosaic of spatial responses. It seems that the management of large herds limits the economic viability of drought crisis management options such as the importation of fodder and water, or by moving the animals to other pastures. Sheep herds were much less affected since more than 50% of the total sheep stock is raised in wetter states, which showed a relatively small (~− 10%) precipitation anomaly during the drought. Under the severe climate change scenario, a greater frequency of extremely dry years (once every 3 years) would have negative impacts on livestock production Climatic Change (2019) 153:79-89 https://doi
Introduction
An increase in the frequency and intensity of extreme weather events, whether caused by natural climatic fluctuations or human-induced climate change (Katz and Brown 1992; Orlowsky and Seneviratne 2012) , may have devastating consequences for food production. Extreme events will possibly be the major cause of negative impact to human health and to food production, storage and delivery systems in the future . This is particularly true for developing nations, which rely heavily on small-scale and subsistence farming (Easterling and Apps 2005; Easterling 2007; Porter et al. 2014) . Many studies have focused on the impacts of extreme weather events on grain yields and production (e.g., Lobell et al. 2011) , with fewer studies on cattle production (Brown-Brandl et al. 2005; Vitali et al. 2015) , and these have usually focused on changes in forage distribution (e.g., Heisler-White et al. 2009 ) more than on the direct impacts to livestock populations (Rötter and van de Geijn 1999; Sautier et al. 2013) .
Extensive livestock production in Mexico depends heavily on rainfall to have forage adequacy in quantity and quality for animal requirements. For example, a significant reduction in the cattle population during the early 90s was attributed to the effect of a drought in [1989] [1990] . Worrisome is that future scenarios predict a decrease in precipitation during the next century over the country (Murray-Tortarolo et al. 2016) , which may be worsened by severe desertification due to non-climate drivers (Huber-Sannwald et al. 2006) . Thus, extreme weather events due to climate change may represent important risks for food security of the nation. However, to our knowledge, the risk that extreme weather events pose to cattle and other forms of free-ranging livestock in the country has not been evaluated.
In Mexico, the vast majority of the arable land (between 58 and 69%) is dedicated to smallscale farming of either corn or free-ranging cattle (Buechler 2009; Romero-Lankao et al. 2014) . Livestock production occurs in four major regions of the country characterized by distinctive vegetation, climate, and animal populations (Buller et al. 1960) . These comprise the Northern Temperate, with generally low rainfall (arid and semiarid, with 200 mm year −1 of rain or less in the plains and up to 700 mm year −1 in the mountains), the Central Temperate, with distinctive wet and dry seasons (300-800 mm year −1 ), the Gulf Plains (wet tropical), with higher and variable rainfall (800-3100 mm year −1 and even more in certain regions), and the Pacific Tropical (tropical dry), with lower and highly variable rainfall (500-1500 mm year −1 ) as well.
In addition, each type of free-ranging livestock is also raised under different conditions with multiple purposes. Thus, climatic and anthropogenic drivers interact to create a sensitivity mosaic of livestock populations to extreme weather events. Cattle for meat consumption are mostly produced in the Gulf Plains and the Northern temperate regions (INEGI 2015) . A large percentage (> 80%) of cattle are raised in production units of less than 35 head and represents one of the major agricultural activities in the country due to its contribution of meat products for consumers and its impact in the commercial balance of the country (de la Rubio Lozano et al. 2013) . Cattle are raised with a mixture of extensive grazing and intensive management (i.e., corrals) systems, where supplementary feeding may occur. Goats render a modest contribution to milk and meat production nationally, but represent an important resource and income to peasants in arid and semiarid areas of Northern Mexico and the central south portion of the country (Guerrero Cruz 2010). Except in specific regions, it is mostly a low technology and low-productivity enterprise. In contrast, sheep are raised for meat and wool in either intensive, semi-intensive, and extensive production systems (Partida de la et al. 2013) . In temperate mountain regions, intensive management is performed with irrigated pastures, but extensive grazing occurs in arid and semiarid areas and in the more humid southeast. Sheep flocks in these regions range from 100 to 1500 head. In temperate forest regions, sheep are produced in small-scale (30-40 head) operations.
In a previous study, we established a positive relationship between the rainfall anomalies and changes in maize yields in Mexico (Murray-Tortarolo et al. 2018) ; however, to our knowledge, the risk that extreme weather events pose to cattle and other forms of freeranging livestock in the country has not been assessed. An example of a recent extreme weather event in Mexico was the 2011-2012 drought, one of the worst in the past 70 years. During 8-12 months, the vast majority of the nation faced a decrease in precipitation that led to reduced grain yields and a shortage of water and forage for livestock. Although the causes of this extreme event are unclear, it was very likely part of the natural climate variation, but exacerbated by current climate change (Seager et al. 2013) . Thus, this event may provide a glimpse into what could happen recurrently under future scenarios of climate change.
In this study, we evaluated the impacts of the 2011-2012 drought on cattle, goat, and sheep populations in Mexico to establish the link between extreme weather events and livestock production. In addition, we considered the potential prevalence of recurring droughts under two contrasting future climate scenarios, to understand possible implications of climate change on livestock and food security in Mexico over this century. 
Methods

Datasets
Data analyses
We plotted the annual mean precipitation in Mexico for the period 2006-2015 (when highresolution data is available for the country) against the total stock size of the three types of freeranging livestock. The change in precipitation for 2011 was calculated as the percentage difference from the mean of the period, while the change in stocks was the difference between 2012 and 2011.
We mapped the 2011 precipitation anomaly as the gridded difference between the 2011 rainfall and the mean of the 10-year period. Similarly, we plotted the reduction in state-level stocks as the percentage change from 2011 to 2012. The data is not presented as total gridded reduction because different states have different livestock population sizes (e.g., the decrease would have not been weighted by stocking size). Additionally, a linear regression model was fitted to the relationship between the precipitation anomaly and the percent reduction in livestock populations. The states were separated into two categories: those with less than 800 mm/year of rainfall (semiarid and arid) and those with more than 800 mm/year (wet). It is important to note that livestock population sizes are state-level statistics, while precipitation refers to a 0.5 × 0.5°grid; thus, we reshaped the precipitation grid to the state level to conduct the analysis.
Drought in future scenarios
To estimate the prevalence of similar weather over the last century and in future scenarios, we registered the number of years in any given time period with precipitation less or equal than 2011 at the national level. This was done for the period 1901-2009 and compared to RCPs 2.6 and 8.5. In other words, we summed every year with less than 757 mm of rain (2011 precipitation) for each period (historical and RCPs) which we considered as an extreme dry year.
Results and discussion
Our results showed that the mean precipitation in Mexico decreased by 12% during 2011, from 863 to 757 mm (Fig. 1a) , and was the lowest recorded since 1956. Mean precipitation increased to values above the mean consistently during three consecutive years (2013) (2014) (2015) after the drought. Associated to these rainfall trends, at the whole country scale, cattle stocks decreased by 1.02 million or~3% in 2012 and recovered to their previous size 2 years later (Fig. 1b) . Similarly, goat stocks decreased by 0.26 million or~3% in 2012, but in contrast to cattle, have not recovered to date (Fig. 1c) and have remained at a relatively constant stock of around 8.7 million. Sheep stocks grew steadily over time and seemed unresponsive to this extreme event or to rainfall variation in general at this scale. Interestingly, the decrease in cattle and goat populations was not explained by an increase in the number of sacrificed animals, meat production, or meat exports (Supplementary 3); thus, it was likely a result of livestock deaths due to unfavorable climatic conditions.
The historical trends of livestock populations showed that national stocks have increased steadily over the last century, but stabilized in recent decades. In 2011 and prior to the impact of drought, the total stock size including cattle, goats, and sheep was over 2.5 times the stock estimated in 1950 (Buller et al. 1960) ; however, cattle and goat stocks 30 years ago (1990) were already similar to current values (31.4 vs 31.6 million for cattle, respectively; 9.1 vs 8.7 million for goats, respectively), whereas sheep populations have increased steadily over time, from 5.7 million heads in 1990 to 8.7 in 2015. This indicates that national stock sizes of cattle and goats have been relatively constant over the last 30 years and suggests that free-ranging livestock production in Mexico may have reached a limit, likely constrained by environmental variables. Thus, we hypothesize that such livestock populations were more sensitive to the 2011 drought and decreased. Similar relationships between climate and livestock population variability have been established across other regions. For example, rainfall has been considered the main driver of livestock stocking rates across Australia, and climate change is expected to reduce cattle populations (McKeon et al. 2009 ). Across different regions in China, precipitation variability exerts control on cattle population sizes (Li and Ji 2004; Zhang et al. 2014 ) and the changes in cattle stocks in Uruguay have been clearly linked to the interannual climate variability that affects grassland productivity (Dieguez Cameroni and Fort 2017) .
When the livestock trends were examined spatially within the country, we found that cattle and goat populations generally mimicked the spatial distribution of the precipitation anomaly. The drought affected most of the country, with a precipitation anomaly from − 200 to − 400 mm nationwide, with small exceptions in the Northwest and along the central and southern Pacific coast (Fig. 2a) . Cattle and goat losses generally mirrored the regional patterns of the precipitation anomaly. The strongest reductions occurred across the driest areas in central and northern Mexico, smaller decreases were evident elsewhere, and even increases occurred in a few regions (Fig. 2b, c) . Interestingly, despite the increasing trend nationwide, sheep stocks slightly decreased in some regions of the country and increased in others as well, especially from central to southern Mexico (Fig. 2d) . Thus, our results showed a When the relative changes in livestock were examined by state and as a function of the precipitation anomalies, it became clear that most states showed reductions in cattle and goats, but fewer regarding sheep (Fig. 3a-c) . Also, a clear distinction of the impact across dry (< 800 mm rainfall) and wet (> 800 mm) states was evident, especially for cattle (Fig. 3a) , where the drier states with larger precipitation anomalies showed larger relative decreases in stocks. When we aggregated the populations by region (arid vs wet), we found that arid states accounted for 49% of all the cattle and 51% of all goats, but only 29% of the sheep. This suggests that a risk factor for livestock to extreme weather events is the background climate, so that populations in arid regions should be at a higher risk when facing drought.
The response of livestock to extreme drought also depends on management, since managing cattle, goats, and sheep is different. Cattle are raised in a mixture of two approaches across the country: the first one involves small herds (usually less than 35 animals, but commonly less than 10) with a majority of calves, which are sold once they gain enough weight or age. This type of management is concentrated in the wet ecosystems. On the other hand, in the arid regions cattle are managed in large herds, mostly for meat production (INEGI 2015) . The former management allows for more flexibility during dry conditions as calves can be sold and exported. In the latter case, herd management is mostly limited to selectively reduce populations. Furthermore, recent estimates indicate that over 50% of cattle stocks are raised under free-ranging systems (INEGI 2015) . While cattle are usually sold for profit, goats are mostly (Guerrero Cruz 2010) . In these areas, goats consume forage like bushes and small trees, not generally preferred by other types of livestock and are used to produce milk and meat, usually consumed locally by low-income families and not sold in national or international markets. These issues may partially explain why goat stocks did not recover after the 2011 drought. Finally, sheep are raised in a mixture of freerange, irrigated pastures and stabled conditions, depending on location and on the year-to-year situation (Partida de la et al. 2013) . Thus, although the 2011 drought did reduce sheep stocks in some states, the large majority was largely unaffected.
Based on the previous arguments, we suggest that the sensitivity of livestock populations to regional drought conditions involves two main components: (a) the biophysical interactions among climate, forage, and livestock populations and (b) herd management, either locally or regionally in the country. The biophysical component is relevant to comprehend how a similar reduction in precipitation across a dry or a wet region may lead to disproportional ecological effects. The dry areas across the north of the country not only received generally less total rainfall, but also suffered a proportionately greater decrease, when compared to the wetter areas in the south (Fig. 3) . In other words, a rainfall reduction of similar magnitude in an arid area represents a higher relative decrease than in a wet region (Supplementary 4), which may lead to a stronger reduction in forage production and quality and in available freshwater. Livestock nutritional condition and secondary production during drought years are limited by both forage quality (protein content and digestibility) and quantity (Ellis and Swift 1988) . In particular, if grass quality and quantity should decrease during a drought, cattle are at a greater risk than other livestock because their diet tends to be predominantly restricted to grass consumption (Coppock et al. 1986 ). Even though trees and shrubs may contribute to cattle survival during dry periods, digestive disturbances may occur because of their high fiber content and low digestibility (Saville 1981) ; thus, secondary production would be compromised. Also, in arid regions drought pushes livestock outside their comfort zone quicker (Avendaño-Reyes et al. 2012) , leading to problems for maintaining homeothermy and a decrease in pregnancy rates (Mellado et al. 2010) or to even eventual death (Spain and Spiers 1996; Vitali et al. 2015) .
The second fundamental component of livestock population susceptibility to extreme drought is management. Livestock owners have several options when facing droughts: do nothing, reduce stock numbers (sale or slaughter), use supplementary feeding, or move livestock to other grazing areas (Saville 1981) . Which options are viable and may contribute to reduce the risk against extreme events strongly depend on landscape and vegetation alternatives (Coppock et al. 1986 ) and on management and socioeconomic constraints. For example, ranchers in the Sahel tend to maintain small-or medium-size herds as a protection mechanism against diseases and drought (Barbier et al. 2009 ) and high stocking rates have been related to density-related mortality during droughts (Ellis and Swift 1988) . Interestingly, our results showed that the decrease in cattle stocks (total and percentage) was greater in the states with the largest herds (Fig. 3a, large dots) . Such a response was also evident with goats in the state of Chihuahua, but did not hold with respect to sheep stocks. Thus, larger herds were apparently more susceptible to drought. The vulnerability of large herds was also evident during the 1972-1976 drought in Kenya, where the largest herds suffered the greatest losses (Campbell 1984) . We suggest that owners of small herds may spend more resources per animal to protect them, via the importation of fodder and water, or by moving them to other pastures. In contrast, large herds under free-range grazing, as it occurs in the northern part of the country, should be more vulnerable to drought since such protection mechanisms would not be economically viable.
The case of sheep was different from cattle and goats, since more than 50% of the total sheep stock is raised in five states with wetter climate (Mexico, Hidalgo, Puebla, Veracruz, and Oaxaca) and which showed a relatively small (~− 10%) precipitation anomaly during the drought (Fig. 3c) . Thus, while there was a small reduction in sheep stocks in some of the arid states, it was not significant enough to affect stocks at the national scale (Fig. 1d) . Sheep physiology may also contribute to these results, since sheep are able to resorb more water from the large intestine and may select plant parts with higher water contents (Saville 1981) .
To establish the possible prevalence of analogous climatic circumstances in the future, we calculated the recurrence of similar drought conditions under two contrasting climate change scenarios. In the mild climate change scenario (RCP2.6), the probability of recurrent droughts was 16% (16/95 years) and was slightly higher than the 13% (15/112 years) of the last century. In contrast, the probability nearly tripled to 36.0% (35/95 years) under the severe climate change scenario (RCP8.5), with extremely dry years occurring once every 3 years, compared to once every ten in the past century (Supplementary 5). Thus, Mexico's livestock production system has coped with a climate system in which droughts occur once every 10-12 years, with cattle stocks fluctuating near relatively constant values in recent decades. In an extreme scenario, if these future rainfall anomalies are followed by concomitant decreases in livestock, as shown for 2011, cattle and goat stocks at the national and regional scales and sheep stocks regionally could be negatively impacted with greater frequency through the remainder of this century. Maass and Burgos (2011) proposed that the legacy of preceding years' rainfall may affect variables such as cattle herd size, so that a sequence of low rainfall years may result in stocks to remain at their minimum during a dry year or below average even during a year with adequate rainfall. Thus, we suggest that a greater drought frequency may utterly collapse the production system in certain regions of the country, particularly in arid states with large cattle herds.
Other fundamental risks for livestock production in Mexico, not addressed in our study, are land degradation and overgrazing. That is, soil erosion and compaction and a decrease in plant cover and forage quality, may play a fundamental role in the future, even without climate change. Overgrazing and range deterioration have been identified in several regions of Mexico since decades ago (the northern rangelands, in particular) leading to less nutritious pastures, lower soil water retention, and changes in species composition (Buller et al. 1960; Manzano and Návar 2000) . In addition, currently 42% of the country is at risk of eolic and hydric soil erosion, but the percentage could become as high as 89%, leading to the degradation of at least a further 45% of the soils in Mexico (SEMARNAT 2017). Thus, it seems that climate change, overgrazing and erosion may lead to synergetic negative effects that could further increase the sensitivity of livestock production to extreme weather events across the country.
